The intra-formational seal capability was characterized by multi-layered shale baffles to act as the primary or ultimate cap system, were taken into account by homogeneous and heterogeneous models, respectively. In this study, the relevant ranges of input parameter of porosity (20%-35%) and permeability (0.0001-1,000 mD), respectively for the sandstone (storage layers) and shale (seals) have been selected, according to results of large amount of laboratory core, test from pilot 3,000 m drilling within Tai-Hsi Foreland Basin in Western Taiwan. By a comprehensive geological model, typical single well injected plume migration scenarios were stochastically simulated which covered a 20-year continuous injection (one Mt-CO 2 per year) followed by a 1,000-year post-injection monitoring. The corresponding 2-D MHMD (maximum horizontal migration distances) of CO 2 plume in the storage reservoir had been calculated with respect to heterogeneous reservoir models and their homogeneous counterparts. Moreover, the induced pressures at critical monitoring points above the injection zone were also evaluated. As a result, the shale baffles of intra-formational seal in a saline aquifers are proven to play a vital role, and capable of ensuring the safe carbon storage operation within a basin scale with a depth range about 2,100-2,500 mRT.
Introduction
 Carbon sequestration is a vital approach to combat the high CO 2 emission causing the problem of global warming. It has been recommended by scientists that, preferred sequestration site can be targeted into deep saline aquifers usually found in vast sedimentary basin [1] . Additionally, it is more economical to select deep saline aquifers which are adjacent to high emission sources such as coal-fired power station in coastal area. However, enough safety must be ensured by the existence of a competent cap rock system to reduce the geo-sequestration risk by forming a leakage pathway to a minimum.
In many empirical cases, cap rock system associated with interlaying sandstone with shale is often encountered in shallow sedimentary basins around the world. Unlike a well-defined thick layered cap, rock system possessing a perfect laterally extension, an intra-formational seal type of cap rock system characterized by frequently occurred intervening thin shale, or baffles, within the main sandstone reservoirs are regarded as the realistic seal mechanism in most cases. Geotechnical Engineering Research Center of Sinotech Engineering Consultants, Inc. (abbr. as Sinotech Inc.) had been constantly commissioned by Taiwan Power Company (Tai-Power) since 2009 to investigate the Tai-Hsi Basin through on-site seismic survey [2] [3] [4] and deep drilling around a candidate site located in Chang-Hua coastal industrial park in Central Taiwan. A 3,000 m deep pilot drilling (TPCS-M1 or M-1 well) was launched in July, 2012 and concluded in November, 2013 [5] [6] [7] .
The above-mentioned studies had confirmed local stratigraphic sequence and the top depth (by mRT) and thickness (m) of major Formation, and obtained more than 1,390 m long cores from depth of 1,505 mRT to 3,005 mRT. These cores were sampled and extensively examined by lots of laboratory analysis and testing. According to some preliminary and/or comprehensive results, it is confirmed that, many target sandstone rich formations or deep saline reservoirs within Tai-Hsi Basin are very suitable [8, 9] for developing geological storage [3, [5] [6] [7] . Table 1 shows the on-site stratigraphic sequence and the thickness (m) of all the major formations revealed in the recently completed M-1 well. The large amount of drilled cores had shown that, the lithological units were prevailed by interlaying sandstone with shale, and indicated these rocks had been deposited in a shallow marine environment.
Geological Background

Area of Interest
As shown in Fig. 1 , some 30 km radial distance around the drilling site of M-1 well has been allocated [2, 6] as an area of interest for developing the geological model on purpose of a CO 2 sequestration. It can be noted, some exploratory wells done by CPC (Taiwan Petroleum Company) are sparsely distributed around the highlighted area, and also a coal-fired power plant located 15 km in the north of M-1 drilling site. The area of interest is located inside a Geological Subzone of Taiwan, locally named as Tai-Hsi Basin [10] . This relative young basin is basically a foreland basin produced by an orogenic activity starting from Early Pliocene. The candidate site happened to be part of a foreland bulge which lied within the southern flank of the foreland basin. The rock formations below the CS (Chin-Shui) Formation (Table 1 ) may have been deposited by sedimentation originated from the mainland China, during the time before Taiwan islands were lifted up in the latest orogeny. On the contrary, rock formation younger than Chin-Shui formation is believed to be derived from the ancient Taiwan Central Range in the east side during the orogenic episode.
Regional Geological Model
The geological profile shown in Fig. 2 illustrates the off-shore and on-shore regional geological model with seismic data. This profile lines in W-E direction, and runs roughly normal to the coastal line as shown in Fig. 2 and across the 3,000 m drilling site.
Based on evidence of different scale seismic surveys, it had been noted that, the thickness of each interested formation is decreasing towards to the west from the inland to offshore, with a dip angle approximately 3-5° dipping gently to the east. No active fault has been found in this area of interest, and only very limited seismic activity exceeding magnitude 3 has been recorded so far.
To ensure the safety and security of carbon storage, some screening criteria had been preliminarily chosen to redefine the area of interest, as shown below:
(1) cap rock thickness up to 30 m; (2) at least 5 km away from the suspicious active fault; (3) storage depth to be greater than 800 m; (4) injection operation depth to be less than 3,000 m. Fig . 3 shows the 3-D geological model and the realistic area of interest which meets the sandstone reservoir selection criteria. The 3,000 m pilot drilling also help to identify a multi-layered reservoir system underneath the areal scope of the area of interest. Consequently, three high potential storage systems were identified, namely R-1, R-2 and R-3, from top to bottom. Their effective storage capacities had been evaluated as 4.9, 6.3 and 2.5 giga-ton, respectively. Well logging data (by Schlumberger) obtained from the M-1 well were taken as a crucial tool to examine the adequacy of selected reservoir. Fig. 4 shows the well logging porosity data of multi-layered reservoir system from 1,500 m below ground, down to the 3,000 m of M-1 well.
Reservoir Rock Injectivity
Roughly seven major geological formations (Table 1) can be identified by 3,000 m drilling as mapped with the regional sedimentary geology. All of them are sedimentary rocks originated at a shallow marine environment, and interpreted as litho-facies belonging to shoreface, inter-tidal zone, upper to lower offshores etc. This candidate sequestration site is thus believed to adjacent to a passive continental shelf in Early Pleistocene to Middle Miocene. Alternation of sandstone, siltstone and mudstone (or shale) encompassed the basic lithological units all the way down to 3,000 m deep.
Statistically speaking, no massive sandstone or mudstone layers with thickness exceeding 15 m can be logged, and most often the thickness of all mappable layers or lithological units are within several meters only, as can be grouped as below:
 sandstone interbedded with shale: laminated layers, mini-meter to centi-meter thick;
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 sandstone intercalated with shale: thin layers, centi-meter to meters thick;  massive sandstone: several meters to tens of meters thick;  massive shale: several meters to tens of meters thick.
CO2CRC (CO 2 Cooperative Research Centres [11] ) defined reservoir rock injectivity (or injection rate) as a function of (1) wellbore contact area, (2) injection pressure, and (3) rock permeability. Among them, the rock permeability is the prime factor which can be used to examine the injectivity before the in-situ test comes up as a real. From core scale test, the absolute permeability of most sandstones and some siltstone are 
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in range of 1-1,000 mD (Mili-Darcy), while most of the mudstones and some siltstone are in range of 0.00001-1 mD. Relative permeability test also shows the injectivity of most tested sandstone meet the general requirements of empirical values. Fig. 5 shows the statistics of neutron porosity values from the in-situ well logging for four major reservoirs, respectively in R-1, R-2 and R-3. Some of the porosity values may not be realistic when they are of values over 0.5. Such a discrepancy may be representing an overcut of the wellbore and/or drilling mud contamination. Nevertheless, the histograms shown in Fig. 5 can give a good reference on the rock porosity values which are mostly in the range of 0.15-0.45. Rock permeability can be predicted by establishing an empirical relationship in between porosity and permeability as long as enough test data are available.
Cap Rock Seal Potential
Above the top most R-1 reservoir (2,295-2,450 mRT) and all the way up to the ground surface, almost 2,000 m thick of overlying rock can be expected as an ultimate or competent cap system. This can be served as the final barriers for securing unwanted leakage path of deep sequestered CO 2 , despite no distinct, massive shale formation were found to be outstanding and suitable for a good primary seal. Table 2 summarizes the cap rock seal potential underneath the area of interest. Here the cap rock seal potential was examined according to the large amount of typical core test results. The potential can be justified by three criteria recommended by IEA (2011) [8] . These criteria selected for site specific reservoir systems are respectively shown below:
 seal capacity: max. CO 2 column that can be retained by cap rock;  seal geometry: thickness and lateral extent of the cap rock;
 seal integrity: geo-mechanical properties of cap rock. Maximum CO 2 column heights calculated from MICP (mercury injection capillary pressure [12] ) data for most tested cores, showed quite high seal capacities can be expected for the most mudstone (shale) and some siltstone. Although most distinct and continuous massive shale can only be found in depth between 2,135-2,146 mRT, with a thickness of 11 m located on the top of CS formation. Nevertheless, numerous pairs of thin sandstone and shale from 3,000 m deep up to the ground surface are generally laterally extensive and would become relative competent barrier to hindering vertical CO 2 flow.
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As a consequence, the intra-formation seal [8, 13, 14] or multilayered cap rock system would then be expected to ensure the safety and security of CO 2 storage in such a geological condition. However, an uncertain scenario analysis should be carried out with still insufficient geological data as depicted in the following section.
Scenario Analysis and Numerical Modelling
Define Homogeneous and Heterogeneous Models
Horizontal CO 2 migration distances for the candidate site during CO 2 inject are of the prime importance for checking the safety of carbon storage. Here, homogeneous and heterogeneous site models were both taken into account as shown in Fig. 6 . In both models, only the R-2 reservoir was considered, and the injection zones were pre-determined by an injection interval length of 155 m, equivalent to the entire drilling thickness of KCL formation (2,295-2,450 mRT). The injection wells are assumed to be located in the existing M-1 well. Table 2 shows the geological models of homogeneous and heterogeneous cases respectively in this study.
In the homogeneous model, the porosity of the injection zone is a uniform value of 35% compared with a cap rock (e.g., CL formation) porosity of 20%. In correlation, the permeability of the injection zone is a uniform value of 59 mD, compared with a cap rock permeability of 0.0277 mD. These values represent a nominal tested data range of large amount of core test.
In the heterogeneous model, the rough lithological units of inter-bedding sandstone and shale, according to the findings of drilling, are used instead of Major Geological formation, e.g., KCL formation, to reflect the more realistic multilayered cap rock system. In general, a porosity value of 35% and a permeability of 59 mD are used for all the sandstone layers, while a porosity value of 20% and a permeability of 0.0277 mD are used for all the shale. Shale rocks are regarded as the layers which can provide a primary seal or act as the baffles in the intra-formational seal condition.
Scenario Analysis for Homogeneous and Heterogeneous Models
Reservoir simulator TOUGH2 with ECO2N module [15] had been used to conduct uncertain scenario analysis. Two kinds of geological model had been considered to emphasis the difference in horizontal CO 2 
Scenario An Heterogeneo
The migratory wn in Fig. 7 within Tai-Hsi Basin. However, a probabilistic study is necessary to check the uncertainly when the assumed nominal parameters might be changed. Fig. 8 shows the relationship of porosity and permeability from the results of laboratory core test. The upper and lower bound of permeability values can be defined at a porosity values targeted at 20% and 35%, in addition to the nominal permeability values. Consequently, overall nine scenario cases can be taken into account to cover all of the input uncertainties, and reflect almost all possibility of porosity and permeability variations. Table 3 shows the input data and the results of MHMD (m) in the scenario analysis considering all the nine cases with the heterogeneous model. With a maximum permeability of sandstone (1,312 mD), coupled with minimum permeability of shale (0.0277-0.00001 mD), the most credible MHMD values can reach to 4.7 km (Case 2, and Case 3), about 1.6 km more extensive compared with a nominal values of 3.1 km (Case 5). Accordingly, Fig. 9 illustrates the MHMD (m) evolution with time duration up to 1,020 years for all the cases. Except the case of homogeneous model, all the nine cases of heterogeneous model showed the MHMD (m) will substantially come to stable around 100 years later gauging from initial injection. In the case of homogeneous model, in contrast, the continuing horizontal moving of injected plume can last for hundreds of year without apparent stabilization.
In addition to the MHMD, the induced pressures inside the cap rock formation at a critical monitoring point above the injection zone (2,162 mRT) are evaluated and acted as a pressure control tool. Fig. 10 shows the induced pressures calculated for the nine scenario cases, respectively using heterogeneous model. As a rule of thumb, Case 1 to Case 3 is grouped as high pervious case with which the MHMD is high and hence the induced pressure tend to be low (< 1,000 kPa). On the contrary, Case 7 to Case 9 can be grouped as low pervious case with lower MHMD, but higher induced pressure reaching 10,000 kPa (e.g., Case 9). Case 4 to Case 6 are regarded as a moderate case which possessed moderate induced pressure. 
Conclusions
The geological carbon sequestration model within Tai The intra-formation seal accompanied by multilayered cap rock system is expected and capable of ensuring the safety and security of CO 2 storage. Scenario analysis considering homogeneous and heterogeneous models was carried out to check the MHMD validity corresponding to realistic injection scenarios.
In the heterogeneous model case studies, the range of input parameters of porosity (20%-35%) and permeability (0.0001-1,000 mD), respectively for the sandstone (storage layers) and/or shale (seals) have been selected according to results of laboratory core test. Probabilistic study is necessary and had been conducted to check the uncertainly when the assumed nominal porosity and permeability parameters might be changed. With nine cases of uncertain scenario analysis, the migratory cases of the injected plume for the heterogeneous model were carried out and regarded as quite realistic scenarios for the storage in the candidate deep saline aquifer, compared to that of homogeneous model.
Both of the corresponding MHMD of injected CO 2
Geo-Risk of Cap Rock System Associated with Heterogeneous Rock Formation Consisted of Interlaying Sandstone and Shale
966
plume in the R-2 storage reservoir, and induced pressures at critical monitoring points above the injection zone had been calculated for possible nine scenarios. As a result, the intra-formation shale baffles had been proven to be capable of playing a vital role for ensuring the safe carbon storage operation within R-2 of Tai-Hsi Basin within a depth range in between 2,100 mRT and 2,500 mRT. Due to still lack of enough scientific evidences to validate real safety of cap rock system associated with intra-formational seal mechanism, an on-site pilot scale injection test and more extensive geo-risk scenario evaluations are strongly recommended prior to the decision of large scale sequestration design and operation in the candidate site.
